A B S T R A C T
Snail family zinc finger 1 (SNAI1) is a transcription factor expressed during renal embryogenesis, and re-expressed in various settings of acute kidney injury (AKI). Subjected to tight regulation, SNAI1 controls major biological processes responsible for renal fibrogenesis, including mesenchymal reprogramming of tubular epithelial cells, shutdown of fatty acid metabolism, cell cycle arrest and inflammation of the microenvironment surrounding tubular epithelial cells. The present review describes in detail the interactions of SNAI1 with AKI-associated signalling pathways. We also discuss how this central factor has been iteratively (and promisingly) targeted in a number of animal models in order to prevent or slow down renal fibrogenesis.
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I N T R O D U C T I O N
In advanced eukaryotes, a highly organized architecture of epithelia allows for cell-to-cell adherence and cell polarity. In the kidney, both are critical for the sophisticated functioning of epithelial cells. Pathologic-and more specifically pro-fibroticprocesses, however, tend to disorganize this architecture, eventually leading to chronic organ failure. Contrary to preconceived ideas whereby epithelial cells in fibrotic areas would merely and progressively dedifferentiate, these cells actively contribute to fibrogenesis through a reprogramming that results from an aberrant metabolic state and cell-cycle defects and which leads to mesenchyme-oriented functions [1] [2] [3] . Epithelial-to-mesenchymal transition (EMT) of tubular epithelial cells (TECs) is emblematic of this cellular reset [4, 5] . EMT has been well described during embryogenesis and tumorigenesis, where the capacity to migrate (not, stricto sensu, in the definition of EMT) is a key and instrumental feature. Nevertheless, migration of TECs remains purely conceptual since clearly it cannot be observed in human biopsies and the animal models that have been used to capture migration have been insufficiently reproduced. Hence, the new term 'partial EMT' has been coined. This is opposed to extreme EMT, where TECs were transformed up to the point where they would leave tubular structures and swell the population of interstitial myofibroblasts. Since endothelial cells have been shown to display similar phenotypic changes reminiscent of endothelial-tomesenchymal transition (EndMT), we believe that the term 'partial EndMT' would also be appropriate [4, 6] . Importantly, mesenchymal reprogramming of epithelia and endothelia may be triggered by acute events and, if durably activated, offers a reasonable explanation as to why acute kidney injury (AKI) is a risk factor for the development of chronic kidney disease (CKD) [1, 2, 7] .
Whether extreme or partial, observed in vivo or in vitro, in renal or in other epithelia, EMT essentially arises under the pressure of transforming growth factor b (TGF-b) [8, 9] and of a few other master genes that literally switch the cell programme to mesenchymal functionality.
The aim of this review is to highlight the role played by the repressive transcription factor Snail family zinc finger 1 (SNAI1), also referred to as SNAIL, downstream of TGF-b. SNAIL is a potent inducer of tumoral and embryonic EMT and contributes significantly to AKI-induced EMT [3, 10, 11] .
S N A I L : G E N E R A L I T I E S
SNAIL is composed of a C-terminal domain with four zinc finger motifs that can specifically bind to E-box motifs [12] . Its repressive activity is also mediated by Snail/GI (SNAG), the amino-terminal domain. In the kidneys, SNAIL can repress its targeted genes by the recruitment of chromatin modifiers, such
as histone deacetylase 1 (HDAC1) or DNA methyl transferases (DNMT) 3b and 1. Epigenetic modifications thus ensue that lead to a more compact chromatin, decreasing the activity of gene transcription [13, 14] .
SNAIL is highly unstable, with a half-life of 25 min. This time frame actually integrates all positive and negative signals in real time: in the absence of an activating cue, its degradation occurs immediately after synthesis [6, 15] . This property implies that for the protein to be fully functional a strong signal (i.e. the induction of multiple activating pathways) is needed, together with the extinction of inhibitors. The subcellular localization of SNAIL is also an issue: on the one hand its nuclear import is dependent of SMAD3, while on the other hand its nuclear export is induced by its phosphorylation, mediated by glycogen synthase kinase 3-b (GSK3-b). Once in the cytoplasm, ubiquitination and proteosomal degradation of SNAIL will occur [16] .
In renal development, SNAI1 expression is essential for embryonic migratory cells to reach their destination [SNAI1 knock-out mice (KO) fail to complete gastrulation, leading to premature lethality]. In the setting of cancer, SNAI1 silencing was logically found to slow down progression [17] . Strikingly, however, SNAI1 re-expression in mature kidneys was sufficient to induce spontaneous fibrosis in rodents [18, 19] . In addition, SNAI1 expression correlates to fibrosis not only in kidney transplants and various chronic kidney diseases, including diabetic nephropathy, IgA nephropathy and polycystic kidney disease [20] [21] [22] , but also after an episode of AKI and in the model of unilateral ureteral obstruction (UUO) [3, 10] . SNAIL regulation has been extensively studied in the murine UUO model, where an intense flare-up of inflammation occurs in the obstructed kidney. This AKI model is characterized histologically by a large number of leukocytes infiltrating the renal interstitial space, creating a cytokine-rich environment comparable to the microenvironment of tumours [6] . Interleukin-1a (IL-1a), a pro-inflammatory expressed very early after the onset of inflammation, and leukocytes and mononuclear cells exhibiting lymphocyte function-associated antigen 1 (LFA-1), have been involved in SNAIL activation and EMT of TECs, after 5/6 nephrectomy, TGF-b treatment and UUO [23] [24] [25] [26] . A shear stress, or a mechanical pressure on TECs such as the one induced by UUO, may also contribute to the induction of SNAIL expression in TEC cellular models [25, 27, 28] . SNAIL induction has also been documented in other AKI models, such as oxygen deprivation [29] [30] [31] , chronic hyperglycaemia [31] [32] [33] [34] , cyclosporine A, cadmium exposition [35] [36] [37] [38] , or parathyroid hormone (PTH)-related protein (PTHrP) action [39] . At late fibrotic stages, as the renal dysfunction stabilizes, uraemic toxins (such as uric acid, indoxyl sulphate and p-cresol sulphate) have been reported to maintain SNAIL expression and the mesenchymal orientation of TECs [40, 41] .
S N A I L A C T I V A T I O N B Y T H E S M A D 3 -T G F -b P A T H W A Y
SMAD3 is a transcriptional regulator that, in the absence of cell stimulation, is recruited to the plasma membrane near the trans-membrane TGF-b receptor by SMAD-Anchor for Receptor Activation (SARA) [42] . After dimerization of type 1 and type 2 TGF-b receptors induced by TGF-b binding, the type 1 receptor kinase phosphorylates SMAD3, leading to a switch of affinity from SARA to SMAD4, a protein responsible for its nuclear import. The SMAD3/SMAD4 complex will then regulate TGF-b-responsive genes with other cis-acting cofactors. SMAD7 is an inhibitor that prevents SMAD3 phosphorylation and blocks its activation [43] (Figure 1 ). The key role of SMAD3 in cell signalling after UUO is known through experiments in SMAD3-deficient mice in which inflammation and fibrogenesis are not only reduced but in which EMT of TECs is also blocked [25, 44] . Interestingly, SMAD3 KO mice failed to re-express SNAIL after UUO, and blocking SMAD3 activation under TGF-b control after a mechanical stress provokes a loss of SNAIL activation and prevents epithelial phenotypic changes in HK-2 cells, unravelling a SMAD3-SNAIL axis in the EMT of TECs [25, 45] . Of note, this mechanism depends on the response gene to complement 32 (RGC-32), a cell cycle modulator also induced by TGF-b that interacts with SMAD3 and activates SNAIL expression [46, 47] . Regulation of SMAD3 itself is also altered during EMT because SARA is decreased while SMAD7 expression is blocked by miR-21 and Arkadia (an E3 ubiquitin ligase), respectively, driving SMAD7 (mRNA and protein) destruction. The latter two are up-regulated by TGF-b and thus contribute to SMAD3 activation [42, 48, 49] .
S N A I L A C T I V A T I O N U N D E R T H E N O N -C A N O N I C A L T G F -b P A T H W A Y S
TGF-b signalling actors include proteins other than the SMADs, participating in a 'non-canonical' TGF-b signalling pathway [43, 50] . The Akt protein family, downstream of the phosphatidyl inositol 3-kinase (PI3K) and p38 mitogenactivated protein kinase (MAPK), is made up of kinases involved in SNAIL regulation by phosphorylation of GSK3-b at the amino-terminal or carboxy-terminal serine residue, respectively, thus inactivating it and preventing SNAIL from nuclear export and degradation [51, 52] . This inactivation is crucial for re-enforcing the TGF-b canonical pathway, as SMAD3 stability is under the control of GSK3-b and of its partner, the axin protein; these three proteins physically interact together, leading to SMAD3 phosphorylation by GSK3-b, triggering its ubiquitination and degradation [53] . Knocking out Akt2 in mice was found to partially protect from EMT and SNAIL expression despite a TGB-b increase following UUO [54, 55] . The p38 MAPK can also be activated in the case of TGF-b-induced EMT [56, 57] ; however, the role of this specific pathway in SNAIL expression remains elusive. In a cellular model of high glucoseinduced EMT, p38 MAPK was activated by TGF-b (cooperatively coordinated with the integrin b1 signalling), with the
activator protein-1 (AP-1) serving as an intermediary leading to SNAIL expression [33, 58] . More recently, Bielesz et al. exposed the crucial role of Notch signalling in the development of fibrosis: transgenic expression of Notch1 (in its activated form, ICNotch1) specifically in TECs was sufficient to induce TEC dedifferentiation in vivo; in vitro, pharmacological inhibition of Notch signalling attenuated TGB-b-induced EMT and SNAI1 expression [59, 60] .
S N A I L U N D E R T G F -b-I N D E P E N D E N T M A P K A C T I V A T I O N
Other MAPKs have been involved in SNAIL activation during EMT, interestingly in a TGF-b-independent manner. TGF-b and epidermal growth factor (EGF) signalling share the same extracellular signal-regulated kinases (ERKs) as signal transducers and concomitant stimulation of these two pathways causes a high expression of SNAIL and increases cell motility [39, 61, 62] . TECs with constitutive ERK2 phosphorylation display stable expression of SNAI1 and increased cell motility in the presence of a shear stress, similar to that which is observed after UUO [27] . Likewise, the PTHrP, a cytokine up-regulated in various renal diseases, activates the EGF receptor (EGFR) and triggers phenotypic TEC changes. Inhibition of EGFR, as in ERK1/2 activation, abrogates PTHrPinduced EMT-related changes and SNAIL expression [39] . However, the role of EGFR is ambiguous, since a protective (anti-EMT) role of EGFR activation has also been reported in TECs [63] [64] [65] [66] . Other signalling pathways contribute to ERK phosphorylation. The pro-inflammatory cytokine tumour necrosis factorlike weak inducer of apoptosis (TWEAK) binds to the fibroblast growth factor-inducible 14 (fn14) receptor and leads to ERK activation, which increases SNAIL protein expression, not gene transcription [67] . In the case of cyclosporine-dependent and TGF-b-independent SNAIL expression, c-jun-N-terminal kinase (JNK), another MAPK, has been proposed as an intermediary in the primary culture of human TECs [37] .
b-catenin signalling temporarily correlates with SNAIL function and its expression pattern: (i) it plays a crucial role in kidney development, (ii) it is largely repressed in the adult kidney and (iii) its re-expression is associated with renal fibrosis [68] . This protein is located near the cytoplasmic membrane, where it physically interacts with E-cadherin, a transmembrane protein involved in cell-to-cell interactions by forming adherens junctions (AJs); it can also act as a signal transducer after activation of the Wnt signalling pathway [69] . In the absence of a Wnt signal, b-catenin is permanently phosphorylated by GSK3-b, promoting its ubiquitination and subsequent proteolytic destruction. Wnt proteins bind to the frizzled (FZD) family of receptors, leading to an intracellular cascade involving dishevelled (DVL), axin, adenomatosis polyposis coli (APC) and GSK3-b and ending by activating dephosphorylation of b-catenin, which then translocates into the nucleus to act as a transcription factor [15] . In the HKC-8 cell line, ectopic expression of b-catenin triggers its accumulation in the nuclei of TECs, and ICG-001, a specific inhibitor of b-catenin-mediated gene transcription, attenuates fibrotic lesions and SNAIL expression [68, 70] . Most of the Wnt protein family members are up-regulated in UUO, and antagonizing Wnt by the Dickkopf-1 gene leads to a decrease in b-catenin nuclear accumulation and in Wnt/ b-catenin target gene expression [70] .
Crosstalk between the Wnt and TGF-b signalling pathways exists: association of SMAD3 and b-catenin is required for SNAIL expression [71] and p38 MAPK, a transducer of the TGF-b pathway, can inactivate GSK3-b thus leading to accumulation of the activated form of b-catenin [52] . By repressing E-cadherin, SNAIL also releases b-catenin from the dissociating AJs, thus further committing the cell to a mesenchymal programme [69] .
Integrin-linked kinase (ILK) signalling also contributes to SNAIL induction and b-catenin activation. ILK is located at the inner face of the plasma membrane, which is closely associated with the cytoplasmic domain of the b integrins. These integrins are transmembrane proteins implicated in cell-toextracellular matrix (ECM) interactions. For example, pharmacologic inhibition of ILK after TGF-b treatment blunts TGF-b-induced Akt and GSK3-b phosphorylation in vitro in a human renal proximal cell line, and in mice subjected to UUO it leads to a decrease in the pool of activated b-catenin and in SNAI1 expression [72] . Likewise, remodelling of ECM by matrix metalloproteinase-2 (MMP-2) promotes SNAIL expression, conceivably through integrin sensing and ILK signalling [73] .
S N A I L I N D U C T I O N I N C H R O N I C H Y P O X I A
Continuous parenchymal injury promotes endothelial dysfunction and hence chronic renal hypoxia, which in turn may induce EMT-like, pro-fibrotic changes in TECs [74] . Protein kinase C (PKC) promotes ERK activation, leading to early growth response-1 (EGR-1) expression [75] , a transcription factor that binds to the promoter of SNAI1 and induces EMT in human embryonic stem cells [76] . Moreover, hypoxia-inducible factor-1 alpha (HIF-1a), activated under low oxygen, increases Bmi1 expression, a positive regulator of the PI3K/Akt signalling. This pathway ends by GSK3-b inhibition and thus SNAIL stabilization [30] (Figure 2) . Higgins et al. [74] established a major role for HIF-1a in TEC phenotypic changes under chronic hypoxia. This particular function could be linked to the cooperation between SNAIL and lysyl oxidase-like genes (LOXL) 2 and 3 (up-regulated by HIF-1a), as these two proteins may physically interact with SNAIL to target EMT-related genes [77] . To our knowledge, however, a direct increase of SNAIL transcription by HIF-1a has not been demonstrated in TECs, except in cancer [78] . Angiotensin II (AngII) is a well-known inducer of EMT and fibrosis in the kidney [79] . AngII sustains the expression of HIF-1a by inhibition of its post-transcriptional degradation, which might partly explain the efficacy of angiotensinconverting enzyme inhibitors and AngII receptor blockers in the prevention of SNAIL expression and of EMT after UUO [80, 81] . Moreover, SNAI1 silencing by siRNA protects from AngII-associated, TGF-b-induced EMT of TECs [60] .
S N A I L A C T I V A T I O N A N D L O S S O F E P I T H E L I A L F U N C T I O N S O F T E C S
During AKI-induced EMT, TECs lose their epithelial markers (e.g. proteins involved in cell-to-cell junction) and their apicobasal polarity. The CRUMBS complex is involved in the spatial identity of the apical membrane [82] . Tight junctions (TJs) and AJs identify the apico-lateral side of TECs. Interestingly, in Madin-Darby canine kidney (MDCK) cells, SNAIL can, in the presence of an E-box, directly bind CRUMBS3 and claudin proximal promoters; constitutive expression of SNAIL leads to a down-regulation of CRUMBS3 and of proteins constituting TJs (occludin; claudin-1, -2, -4 and -7; ZO-1) [83] [84] [85] [86] . With regard to AJs, based on homologue interactions between cadherins of two adjacent cells, the direct effect of SNAIL on E-cadherin is well documented [87] ; Boutet et al. [19] , however, demonstrated in an inducible SNAIL transgenic mouse model that SNAIL impairs cadherin 16 expression indirectly through inactivation of hepatocyte nuclear factor-1b (HNF-1b).
Binding of SNAIL to E-boxes epigenetically represses TJand AJ-associated gene expression by a co-interaction with SMAD3 and SMAD4 [88] . Similarly, if indirectly, SNAIL activates alpha smooth muscle actin (a-SMA) and vimentin production, two characteristic cytoskeleton proteins of a [19, 87] . SNAIL might also promote CpG methylation [14] .
Loss of epithelial cell markers is associated with a quantitative and qualitative reshuffle of ECM proteins during fibrogenesis, notably regarding stiffness, which increases dramatically and thus, intriguingly, further amplifies EMT [72, 89] . This phenomenon implies a rebuild of the ECM, including the removal of native ECM proteins; here, the MMPs contribute. MMP2 and MMP9 are over-expressed after UUO and MMP minocycline inhibition protects from renal EMT and fibrosis [73] . One function of SNAIL is to help overexpress MMP9 by enhancing nuclear factor jB (NF-jB), Sp-1 and Ets-1 binding in the promoter region of this protease [90] . Moreover, MDCK cells re-expressing SNAIL produce a larger amount of fibronectin, a major component of fibrotic tissue, and to a lesser extent laminin and integrins, facilitating cell detachment from ECM [87, [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] . Likewise, collagen deposition was decreased after UUO in mice lacking Id1, a downstream effector of SNAIL [91] .
These morphologic changes are associated with the deregulated transporting function of TECs. Na þ /K þ ATPase is critical for the transport function of TECs, as all electrolyte intakes and outtakes supported by organic anion transporters are directly or indirectly dependent on the sodium gradient this pump creates. Importantly, after TEC-specific SNAIL inactivation the expression (RNA and protein) of Na þ /K þ ATPase, AQP1 and organic FIGURE 2: SNAIL during chronic hypoxia and inflammation. AngII: angiotensin II, AT1/2: angiotensin II type 1 and 2 receptors, CSN2: COP9 signalosome 2, EGF: epidermal growth factor, EGFR: epidermal growth factor receptor, ERK1/2: extracellular signal-regulated kinase 1 and 2, Fn14: fibroblast growth factor-inducible 14 receptor, GSK3-b: glycogen synthase kinase 3 beta, HIF-1a: hypoxia-inducible factor-1 alpha, Id1: inhibitor of differentiation-1, LOXL: lysyl oxidase-like genes, NF-jB: nuclear factor kappa B, PKC: protein kinase C, SNAIL/SNAI1: Snail family zinc finger 1, TGF-b: transforming growth factor beta, TGF-bR: transforming growth factor beta receptor, TNF-a: tumour necrosis factor alpha, TNF-aR: tumour necrosis factor alpha receptor, TWEAK: tumour necrosis factor-like weak inducer of apoptosis.
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anion transporter 1 (OAT1) were decreased in various rodent fibrosis models (UUO, nephrotoxic serum and folic acidinduced nephritis) [10] . Low expression of two efflux transporters (AQP1 and ATB1B1, the b1 subunit of the Na þ /K þ ATPase) has also been noted in a meta-analysis of genome-wide association studies of fibrosis in human biopsies [92] .
SNAIL-induced morphological and functional reset of the TECs is not limited to specialized functions but also alters the basic cellular programme. Cell cycle arrest at the G2/M transition is now known to be a key mechanism for TEC reprogramming and fibrogenesis [1] . SNAI1 KO in TECs and UUO-treated mice exhibit a better progression of cell cycle towards the mitotic S n a i l phase. Interestingly, a greater proportion of cell cycle-arrested cells were positively stained for a-SMA, indicating a mesenchymal phenotype. Overexpression of SNAIL in HK2 cells was sufficient to induce the expression of p21 (a cell cycle inhibitor at the G1/S checkpoint) and G2 arrest. This phenotype was rescued by siRNA targeting SNAI1 in TGF-b-induced EMT-related changes [10] . In MDCK cells, SNAIL increases p21 and directly downregulates cyclin D2 (essential to progression to the S phase) by recognition of E-boxes in the promoter. High concentrations of a mitogen can override this phenomenon and restart the cell cycle [93] . Because TGF-b favours apoptosis and also anoikis via a disruption of the tubular basal membrane caused by MMPs, EMT is sometimes considered a maladaptive pathway that permits escape from cell death [94] . In the absence of serum or tumour necrosis factor a (TNF-a) stimulation, SNAILtransfected MDCK cells show a lower lethality than in control conditions, and this correlates with the activation of survival pathways PI3K/Akt and ERK and with inhibition of the endogenous and exogenous apoptosis pathways [93] .
Finally, SNAIL might interfere with metabolism, particularly fatty acid oxidation, a metabolic pathway the down-regulation of which has been recently demonstrated as a major determinant in fibrogenesis after injury [2, 95] . Indeed, after UUO, gene set enrichment analysis demonstrated that silencing of SNAI1 in TECs could restore expression of fatty acid metabolism [10] .
S N A I L D I R E C T S R E P R O G R A M M I N G O F T H E M I C R O E N V I R O N M E N T T O W A R D S I N F L A M M A T I O N
The idea of a microenvironment surrounding the epithelium, consistent with an immunesystem cell infiltrate, a restructuring of ECM and local signals, has emerged by analogy with tumours [6] , and AKI-induced EMT may reprogram the neighbouring tissue. Inflammatory cells concentrate in the peritubular areas, recruited by chemokines such as TNF-a or CC-chemokine ligand 5 (CCL5). Upon TNF-a, AngII, TWEAK or TGF-b stimulation, the NF-jB pathway allows cells to adapt to inflammatory signals [67, [96] [97] [98] (Figure 2 ). After activation, NF-jB stabilizes SNAIL through COP9 signalosome 2 (CSN2) induction. This latter protein blocks the ubiquitination and degradation of SNAIL. This result (obtained in tumoral cell lines) remains putative during EMT of TECs [99] . Nevertheless, knockout mice for SNAIL in TECs exhibit a lower infiltration by macrophages (particularly of the M2 type) and by CD3 T cells after UUO [3, 10] . SMAD3-deficient mice display a similar response, suggesting a TGF-b-dependent mechanism [25] . Interestingly, injured TECs excrete TGF-b containing exosomes that can act locally to activate fibroblasts to become myofibroblasts and promote TECs phenotypic changes; TGF-b transcription was decreased in SNAI1-deficient TECs after UUO concomitantly with the reduction of a-SMA-positive cells [3] . In the same way, SNAI1-deficient TECs failed to express the phosphorylated and activated form of NF-jB. However, the levels of TNF-a, CCL2 and CCL5 transcripts were independent of SNAIL at the beginning of UUO-induced inflammation, with a decrease noted 15 days later than the controls, allowing SNAI1 to sustain inflammation [3, 10] . Li et al. [91] suggested that the inhibitor of differentiation-1 (Id1) was the actual link between peritubular inflammation and TEC phenotypic changes. Id1 is a dominant negative antagonist of basic helix-loop-helix transcription factors. It increases SNAIL expression at the protein level in vitro; conversely, SNAIL provides positive feedback for Id1 expression. Id1 potentiates NF-jB signalling and promotes CCL5 expression by TECs. As such, Id1 promotes EMT-related changes in TECs and the recruitment of inflammatory cells [91] . Not surprisingly, suppression of Id1 specifically in TECs in mice prevents myofibroblast activation, peritubular inflammation and ECM deposition after UUO [91] . As the induction of SNAIL is dependent on Id1, a positive feedback loop amplifies not only SNAIL-related inflammation but also (putatively in renal tissue) the TNF-a and NF-jB pathways. This idea is also supported by the protective effect shown by BX471, a chemokine receptor-1 antagonist, which blocked leukocyte recruitment after UUO in neonatal mice [24] .
C O N C L U S I O N
The concept of an EMT that would occur in adult, non-tumoral epithelia from solid organs and thereby provide de novo myofibroblasts was a long shot. At present, a 'partial' EMT is intuited where injured epithelial cells undergo durable and functional reprogramming oriented towards mesenchymal functions. This reprogramming includes the production of various factors that influence myofibroblasts from a distance and accelerate interstitial fibrogenesis. Here we reviewed the key role of SNAIL in this mesenchymal reprogramming, particularly after AKI, and how this phenomenon impacts fibrogenesis. This master gene is situated where multiple signalling pathways converge. Its effects are not limited to morphological changes of TECs, but contribute to resetting the cell environment towards inflammation and fibrosis through extracellular cytokinic signals acting on interstitial fibroblasts and immune system cells ( Figure 3 ). For some, SNAIL activation may indicate a point of no return in the pathological repair of an AKI [100] . This makes SNAIL a promising therapeutic target.
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